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Colossal negative magnetoresistance and the associated field-induced 
insulator-to-metal transition, the most characteristic features of magnetic 
semiconductors, are observed in n-type rare earth oxides1 and chalcogenides2, 
p-type manganites3, n-type4,5 and p-type diluted magnetic semiconductors 
(DMS)4,6 as well as in quantum wells of n-type DMS7-9. Here, we report on 
magnetostransport studies of Mn modulation-doped InAs quantum wells, 
which reveal a magnetic field driven and bias voltage dependent insulator-to-
metal transition with abrupt and hysteretic changes of resistance over several 
orders of magnitude. These phenomena coexist with the quantised Hall effect 
in high magnetic fields. We show that the exchange coupling between a hole 
and the parent Mn acceptor produces a magnetic anisotropy barrier that shifts 
the spin relaxation time of the bound hole to a 100 s range in compressively 
strained quantum wells. This bistability of the individual Mn acceptors explains 
the hysteretic behaviour while opening prospects for information storing and 
processing. At high bias voltage another bistability, caused by the overheating 
of electrons10, gives rise to abrupt resistance jumps. 
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Molecular beam epitaxy has been employed to grow Mn modulation doped 
compressively-strained InAs quantum wells (QWs) embedded in InAlAs/InGaAs host 
material with an In mole fraction of 75% (for details, see, ref. 11). In this material 
system Mn substitutes the group III elements (In, Al or Ga), providing a localised spin 
of S = 5/2 and a hole6,12,13, in contrast to II-VI materials, where Mn is an isoelectric 
impurity4,7-9,14. Our transport studies have been accomplished on Mn modulation 
doped InAs quantum well structures depicted schematically in Fig. 1. In the ”normal” 
sample (Fig. 1b) the Mn doping is done after the InAs/InGaAs layer growth, so that 
the InAs channel is free of Mn11,15. In the “inverted” doped structures (Fig. 1a) the Mn 
doped layer is deposited prior to the growth of the 4 nm thick InAs channel which is 
7.5 nm spaced from the Mn doped layer. This, leads to a significant concentration of 
Mn in the InAs channel, estimated by secondary ion mass spectroscopy (SIMS) to be 
~1% of the maximum doping concentration11.  
Figure 1 documents remarkable differences in the transport properties at 1.6 K of  
“normal” and “inverted” doped samples with comparable two-dimensional hole 
densities of p = 4.3·1010 cm-2 and p = 4.4·1010 cm-2, respectively. Both types of 
samples show temperature and field dependent resistances typical for modulation-
doped structures, including pronounced Shubnikov-de Haas (SdH) oscillations and 
quantum Hall plateaus in high fields. This clearly demonstrates the two-dimensional 
nature of the charge carrier system and the absence of parallel conductance, a 
conclusion consistent with a sufficiently low Mn concentration to prevent an insulator-
to-metal transition of Mn acceptors in the InAlAs barrier. 
 
According to the experimental findings summarised in Figs. 1a, 2, and 3 the 
“inverted” structure (sample A) shows a dramatic and temperature dependent 
increase of resistance in the zero-field range indicating a strong hole localisation 
under these conditions. The application of a perpendicular magnetic field leads to a 
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colossal negative magnetoresistance resulting eventually in the quantum Hall 
insulator transition at BT ≅ 4 T, above which the longitudinal resistance decreases 
with lowering temperature (Fig. 2). In this high field range the quantum Hall effect 
emerges with a well developed plateau and a corresponding zero-resistance state at 
low temperatures (Figs. 1a and 2).  
Because of the extremely high resistance values at low temperatures and 
magnetic fields, measurements in this region have been performed in a two-terminal 
geometry by applying a constant voltage Ubias to the sample and measuring the 
current I according to R
 
= Ubias/I. As depicted in Figs. 3a-3c, field-induced holes’ 
delocalisation is accompanied by resistance jumps over several orders of magnitude 
from above 1011 down to below 106 Ω, particularly abrupt for a relatively high bias 
voltage of Ubias = 0.5 V (Figs. 3b, 3c), where the dependence R(Ubias) is non-linear at 
low temperatures (Fig. 3d). At the same time, the resistance shows evidence of a 
notable hysteretic behaviour when sweeping the magnetic field across zero, i.e. the 
resistance at high and low B is asymmetric with respect to zero field. (Figs. 3a-3c). 
As seen, the changes and jumps of the resistance as well as the hysteretic behaviour 
diminish and finally disappear above ~0.6 K.  
According to results collected in Fig. 3c, hole accumulation by a negative top-gate 
voltage shifts the system away from the localisation boundary to a region where the 
resistance is smaller and much less temperature dependent. In this regime, (abrupt) 
resistance changes vanish and hystereses are reduced. Depletion of the channel 
moves both Bjump and the resistance at B > Bjump to higher values. 
Importantly, only the perpendicular component of the external magnetic field 
matters for switching the conductivity state. In the inset to Fig. 3d, the magnetic field 
value where the resistance drops (Bjump) and its sample normal component (Bz) are 
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plotted for several angles between the sample normal (0°) and the field direction. The 
switching occurs at the same value of Bz for all angles. 
We note that according to our results obtained for samples grown at various Mn 
fluxes, the relevant quantity influencing the resistance is not the absolute value of the 
hole density but rather the ratio of the hole density to Mn concentration. This is 
demonstrated in Fig. 3e where the relevant data for an “inverted” structure 
(sample B) with about three times larger Mn density and more than doubled 2D hole 
density p is shown. The extraordinary magnetoresistance behaviour in this sample is 
virtually identical to that discussed above.  
In order to interpret these findings we note that, as expected from theory of the 
Anderson-Mott localisation, when the carrier density is very low, the holes are 
strongly localised by the parent acceptors, independent of the strength of an external 
magnetic field. If, in turn, the hole density is sufficiently high, in particular greater than 
the Mn concentration, owing to the combined effect of many-body screening, large 
kinetic energy, and the extended character of wave functions corresponding to the 
upper Hubbard band of the acceptor states, the holes get delocalised, the effect 
visible in Figs. 2 and 3c. Most interesting is the intermediate range of carrier 
densities, in which the metallic-like conductivity is observed at high magnetic field, 
but a cross-over to the strongly localised regime occurs when the magnetic field 
decreases. This phenomenon, accounting for the celebrated colossal negative 
magnetoresistance1-9, occurs if the spins do not show long range ferromagnetic 
order. As reviewed elsewhere16, in such a case carrier localisation is enhanced at low 
magnetic fields by two effects: (i) spin disorder scattering on randomly oriented 
preformed ferromagnetic bubbles brought about by spatial fluctuations in the local 
density of carrier states near the Anderson-Mott localisation, and (ii) the decrease of 
the kinetic energy associated with the carrier redistribution over the two spin 
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subbands. Obviously, the redistribution of holes between the relevant subbands 
depends strongly on the magnetisation direction4,17, and is accompanied by an 
increasing contribution of light holes to the effective mass of carriers at the Fermi 
level, which enhances dramatically the field-induced hole delocalisation4.  
This scenario implies that no spontaneous long range ferromagnetic order 
develops in the InAs channel hosting the 2DHG in the relevant temperature range. 
This assumption seems to be true, as for the QWs containing weakly localised holes 
with the determined effective mass of m* = 0.16mo (see Methods) the expected Curie 
temperature is14 TC < 20 mK for the Mn content indicated by the SIMS 
measurements, x < 10-4. 
We now make evident that the high-resistance state, resistance jumps and 
hysteresis are due to the interplay of two bistabilities. First, following a recent 
theory10, we address the consequences of bistability due to overheating of the hole 
gas in the region of high electric fields: owing to a strong temperature dependence of 
the resistance in weak magnetic fields and at fixed high bias voltage, the system of 
Mn spins and carriers is either in the overheated (low resistance) state or in the much 
less heated high resistance state. The starting point to show the significance of 
overheating at non-zero bias voltages is the heat balance equation, 
 Ubias2/[R(Th,B) L W] = FS(Th) − FS(Ts),        (1) 
 
where FS(T) is the energy loss rate per unit of the QW surface LW, determined by the  
coupling to acoustic phonons at the hole and substrate temperatures Th(s), 
respectively10. The right hand side of Eq. 1 describes the energy flow from the hole 
bath to the phonon bath, provided by the Joule heating on the left hand side. Since 
the effects of the Mn spins on charge transport scale with magnetic susceptibility4,5,9 
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and the resistance R(T) varies exponentially10 in this regime, (see inset of Fig. 2) we 
assume 
 R(T,B) = R0exp(a[dB5/2(T,B)/dB]/T)γ,          (2)                      
where B5/2(T,B) is the Brillouin function for S = 5/2; R0, a, and γ are parameters 
determined by fitting R(T, B = 0) to the experimental zero-field resistance. 
As shown in Fig. 3f, the model, developed with no further fitting parameters 
(see Supplementary Information), describes the presence of the resistance jumps, 
corresponding to the transition from the high-resistance state to the overheated low 
resistance state. However, as the potential drop and carrier cooling at the contacts is 
neglected10, the range of Ubias, T and B where the jumps occur is lower than in the 
experiment. 
While the above picture reproduces the jumps, occurring at different B-fields for 
up- and down-sweeps, the model fails to describe the hysteresis at low B, as the 
calculated resistance is symmetric with respect to B, in contrast to experiment. 
Actually, according to data in Fig. 3a and direct magnetisation measurements18 the 
magnetic hystereses persist even for Ubias  0.  At the same time, minor loops with 
magnetic field stopped for different time durations (Fig. 3e), point to a finite relaxation 
time of several minutes, implying the absence of ferromagnetic order. 
We will now demonstrate that the presence of magnetic hysteresis without long 
range magnetic order follows from specific properties of our system.  Unlike 
(Ga,Mn)As19,20, compressively strained InAs QWs show a large energy separation 
between the heavy and the light hole subbands, which reduces an admixture of jz = ± 
1/2 states to the wave functions of the holes residing in the ground state subband, jz 
= ± 3/2 (with the z-axis perpendicular to the QW plane). Accordingly, the heavy-hole 
intraband matrix elements of jx and jy are very small, so that the system is immune to 
an in-plane magnetic field, in agreement with the experimental findings shown in Fig. 
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3d. This means also the appearance of large anisotropy energy barriers for reversing 
the magnetisation direction of the preformed ferromagnetic bubbles. The 
corresponding relaxation time will grow exponentially with the number of holes 
contributing to the bubble, resulting in superparamagnetic-like metastabilities. 
We expect the presence of a metastable behaviour in weak magnetic fields, even 
if the holes are bound by individual Mn acceptors. In this limit, the hole spin is 
coupled to the parent Mn acceptor by a strong antiferromagnetic exchange 
interaction12, which in the present case assumes the Ising form H = −  εcjzSz, where εc 
= − (β/3)|ψ(0)|2. Here β = − 0.054 eV nm3 is the p-d exchange integral and ψ(0) is the 
value of the acceptor envelope function at the Mn ion. The relaxation time τs between 
the two relevant heavy hole jz = ± 3/2 states is rather long, presumably in a 
millisecond to microsecond range21,22. A somewhat shorter relaxation time is 
expected for Mn spins in the relevant range of concentrations23,24. Under these 
conditions a direct hole spin relaxation is possible via a flip-flop, jz  −jz, −Sz  Sz 
process. However, the corresponding rate is expected to be rather small, particularly 
at low temperatures, where it would involve particularly slow transitions between ±5/2 
states of the ion in the orbital singlet state. Furthermore, the p-d coupling removes 
the degeneracy of the Mn spins states, which reduces the role of nuclear magnetic 
moments in the spin relaxation24,25. 
In this situation, spin relaxation of holes towards thermal equilibrium values of <jz> 
and, then, <Sz>, leading to the corresponding values  of resistance, proceeds 
primarily via high energy intermediate states determined by the magnitude of Sz. The 
presence of the magnetic anisotropy barrier Ea elongates the relaxation time τs of the 
hole spin by exp(Ea/kBT). According to the quantitative model presented in 
Supplementary Information, the barrier vanishes in the magnetic field Bc ≈ εcS/(2κµB) 
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and attains the value Ea ≈ εcSj at B = 0 and T  0, where for the QW in question the 
Luttinger parameter is κ = 7.53 (ref. 26) and εc varies between 0 and ~ 0.12 meV for 
the Mn acceptors at the QW edge and centre, respectively.  
We find that for εc = 0.12 meV and τs = 1 ms, τ reaches 100 s at 0.49 K, the time 
during which the magnetic field changes by ~0.4 T in our experiment. This explains 
the hysteretic behaviour and resistance relaxation in the way seen in millikelvin 
studies of molecular magnets27,28 and individual rare earth ions25. In agreement with 
this evaluation, hystereses disappear above ~ 0.6 K. At the same time, the barrier is 
expected to vanish at Bc = 0.34 T, in accordance with the magnitudes of the apparent 
coercive fields at T  0. When the hole concentration increases, more and more 
holes occupy states with smaller values of εc meaning that the barrier height, and 
thus the relaxation time and the width of the hystereses diminish, the effect visible in 
Fig. 3c. Moreover, the model invoking properties of individual acceptors rather than a 
collective action of many Mn ions explains why the observed behaviour scales with 
the ratio of the Mn to hole density and not with the Mn concentration.  
In conclusion, our results demonstrate that the field-induced delocalisation of 
holes in Mn modulation-doped III-V QWs proceeds via an intermediate and novel 
metastable insulator phase. Within our model the jumps result from hole overheating 
whereas hysteresis stems from a large magnetic anisotropy of the heavy holes, 
coupled to the parent Mn acceptors by the strong p-d exchange interaction. The slow 
spin relaxation of individual bound holes revealed here, appealing from the viewpoint 
of quantum information processing and storing, should appear also in the case of 
single Mn acceptors residing in InAs quantum dots29. Interestingly, it may compete 
with spin quantum tunnelling at sufficiently low temperatures25,27,28, provided that the 
decoherence rate of the complex will be smaller than the matrix element coupling the 
Sz = ±5/2 states. 
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Methods 
The samples are patterned into standard L-shaped Hall bar geometries (1000 µm x 
200 µm and 200 µm x 40 µm) employing optical lithography and wet chemical 
etching. Ohmic contacts are prepared by soldering alloyed InZn and annealed for 60 
s at 30°C. For gate electric-field dependent measurements some samples are 
covered with a 130 nm thick insulating parylene film and a thin Ti/Au top gate 
electrode. The measurements are carried out either in a 4He bath cryostat or in a 
dilution refrigerator. Transport measurements in the low resistance range (high 
magnetic fields and/or temperatures above 1.5 K) are performed using standard low-
frequency lock-in technique with operation currents of 100 nA. In the high resistance 
state (low temperatures and low magnetic fields), a constant voltage Ubias was 
applied, the current through the sample was monitored, and the two-terminal 
resistance was calculated as R2-term = Ubias/I. In the low B, low T regime, the 
magnetotransport depends on the sweep rate which was here set to 0.25 T/min.  
The hole-density p of the 2DHG was determined from classical Hall resistance 
and confirmed by the period of Shubnikov-de Haas oscillations. The characteristic 
value for the “normal” doped 2DHGs is p = 4.3 · 1011 cm-2. The corresponding values 
for the “inverted” doped 2DHGs are p = 4.4 · 1011 cm-2
 
and 11 · 1011 cm-2, for samples 
A and B, respectively. The values of the effective mass m*  = 0.16m0 determined 
from the cyclotron resonance measurements30 for an “inverted” doped sample is 
larger than the one expected for the band-edge in-plane hole mass of the ground 
state subband in an infinitely deep InAs QW31 but consistent with previous 
experimental studies32. 
 
Received  
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Figure Legends: 
 
Figure 1: Results of four terminal magnetotransport measurements and sample 
architectures. Longitudinal resistance (red) and Hall resistance (black) at 1.6 K for 
inverted (a) and normal (b) modulation doped QW structures showing well defined 
SdH oscillations and Hall plateaus. Inset in (a), (b), Schematic layer sequence of the 
inverted and normal Mn modulation doped QW structures. The QW consists of a 
strain relaxed InGaAs layer with an asymmetrically embedded strained InAs channel. 
(a), (b) Contrary to the normal doped QW structure (b), the low-field resistivity 
increases dramatically for the structure with an inverted doping layer (a) indicating 
strong hole localisation.  
 
Figure 2: Temperature dependence of longitudinal resistance of the inversely 
doped structure in high B-fields. The longitudinal resistance Rxx along the [-110] 
directions shows well developed SdH-oscillations with vanishing resistance at filling 
factor ν = 1. At low B the system undergoes a quantum Hall insulator transition with a 
dramatic increase of Rxx for all temperatures. The Hall resistance is shown for T = 30 
mK. Inset:  Temperature dependence of the zero field resistance (Ubias = 0.5 V) at 
various gate voltages demonstrating the tunability from strong to weakly localized  
with increasing carrier density.  
 
Figure 3: Two terminal resistance of the inverted structure – sample A (a-d); 
sample B (e); computed (f). (a) Magnetoresistance showing temperature-dependent 
hystereses and abrupt resistance drops for Ubias = 0.01 V (a) and Ubias = 0.5 V (b). 
Rmax = 1010 Ω (a) and Rmax = 1012 Ω (b) denotes an upper limit of the experimental 
set-up. Sweep directions are indicated by arrows. (c) Magnetoresistance at different 
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carrier densities varied by the top-gate voltage at T = 170 mK.  (d) Current–voltage 
characteristics at T = 40 mK for selected values of perpendicular magnetic field 
(sweep direction marked by an arrow) showing highly non-linear and linear behaviour 
at low and high magnetic fields, respectively.  The inset shows the magnitude of the 
total magnetic field corresponding to the abrupt resistance decrease, Bjump (black), 
and the normal component of Bz (red) as function of the angle between the magnetic 
field direction and the film normal at 40 mK. (e) Minor loops for sample B at 400 mK, 
documenting enhanced relaxation times. B-field sweeps in upward direction were 
stopped at B = 0.31 T. Then, after different waiting times indicated in the figure, the 
magnetic field was swept down. Open black squares show a full up-sweep (after 
complete relaxation). (f) Computed resistance as a function of the magnetic field at 
various substrate temperatures for L = 0.9 mm and Ubias = 0.11 V for sample A. 
Arrows mark positions of resistance jumps. 
 
a0 2 4 6 8 10 12
0
10
20
30
40
50
0
2
4
6
8
10
12
14
16
B(T)
T = 1.6 K
R
(k
)
x
x
W
R
(k
)
x
y
W
InAlAs cap
InAlAs buffer
(75% In)
InAlAs:Mn
InAlAs spacer
InGaAs
InAs
InGaAs
7 nm
5 nm
2.5 nm
13.5 nm
4 nm
36 nm
M
a
n
g
a
n
e
s
e
b
0 2 4 6 8 10 12
0
1
2
3
4
5
0
5
10
15
20
25
B (T)
T = 1.6K
R
(k
)
x
x
W
R
(k
)
x
y
W
InAlAs cap
InAlAs:Mn
InAlAs spacer
InGaAs
InAs
InGaAs
7 nm
5 nm
2.5 nm
13.5 nm
4 nm
36 nm
InAlAs buffer
(75% In)
M
a
n
g
a
n
e
s
e
Figure 1
4 6 8 10 12 14 16
0
2
4
6
8
10
12
14
16
0
5
10
15
20
25
n =3
n = 2
30 mK
1 K
B (T)
Bc
n = 1
R
(k
)
x
x
W
R
(k
)
x
y
W
0 200 400 600
p > 5.4·10 cm
11 -2
p = 4.4 - 5·10 cm
11 -2
p < 4.3·10 cm (depleted)
11 -2
R
(
)
W
T (mK)
1012
1011
1010
109
108
107
106
Figure 2
e-1.0 -0.5 0.0 0.5 1.0
10
5
10
6
10
7
10
8
10
9
10
10
10
11
10
12
up
down
wait@ B=0.31 T
0 min
2 min
10 min
20 min
94 min
sample B
p = 11 · 10 cm
11 -2
T = 400 mK
U = 0.5 V
R
(
)
W
B (T)
d
0 20 40 60
0.0
0.5
1.0
1.5
2.0
T = 40 mK
|B
|
(T
)
a (deg)
B (B)jump
B (B )jump z
U (V)
I
(
A
)
m
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
T = 40 mK 3 T
0 T
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
b
B (T)
30 mK
30 mK
300 mK
450 mK
600 mK
750 mK
1.0-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
Bjump
sweep directionsweep direction
Bjump
R
(
)
W
10
12
10
11
10
10
10
9
10
8
10
7
10
6
10
5
U = 0.5 Va
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
10
5
10
6
10
7
10
8
10
9
10
10
10
11
B (T)
50 mK
300 mK
450 mK
600 mK
U = 0.01V
sweep direction
R
(
)
W
f
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
10
5
10
6
10
7
10
8
10
9
10
10
10
11
10
12
B (T)
30 mK
300 mK
450 mK
600 mK
750 mK
sweep direction
U= 0.11 V
r
W(
)
c
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
4.4 x 10 cm
11 -2
5.4 x 10 cm
11 -2
6.0 x 10 cm
11 -2
6.8 x 10 cm
11 -2
sweep direction
B (T)
T = 170 mK
U = 0.5 V
depletion
R
(
)
W
10
12
10
11
10
10
10
9
10
8
10
7
10
6
10
5
10
4
Figure 3
